Five hydrazone derivatives of streptomycin were synthetized (D0h, D1ph, D2bt, D3dctf, D4ag) and characterized by IR, 1 H and 13 C NMR spectroscopy, mass spectrometry and elemental analysis. Protonation constants were determined by potentiometry for all derivatives. D1ph and D2bt derivatives were investigated as receptors of dicarboxylates and adenine nucleotides in aqueous solution by potentiometric and 1 H NMR titrations. D1ph and D2bt derivatives have the highest affinity with AMP and ATP, respectively, which shows that electrostatic forces are not always the dominant factor in binding of streptomycin derivatives with nucleotides, but the conformational fit between them. Calculated structures at the DFT level of the D1ph derivative bonded with either AMP or ADP showed that the complexes are stabilized by the formation of multiple interactions with the receptors. The antibiotic activity of the derivatives was explored and compared with native streptomycin.
The aminoglycoside streptomycin is a clinically relevant antibiotic, active against a variety of Gram-negative and acid-fast bacteria, as well as against Gram-positive organisms which have become resistant to penicillin [1] . Its ability to bind organic substrates has been less explored, for example it has been shown that streptomycin interacts with the central domain of 16S ribosomal RNA [2] . Banerjee and Maiti [3] calculated the binding constant of streptomycin to truncated pre-miR-21 (9.63 ± 0.49 x10 6 M -1 ) by fluorescence studies. Asencio and collaborators [4] report a binding constant for ANT(6)-streptomycin of 5x10 4 M -1 . Huang and collaborators [5] studied the mechanism of the competitive interaction of streptomycin with bovine serum albumin (BSA) by fluorimetry and spectrophotometry. The binding constant calculated for streptomycin-BSA complex was 6.52 x10 6 M -1 at pH 7.1.
Our previous studies showed that streptomycin is an attractive receptor capable of recognize anions (specially nucleotides) [6] that works in a wide pH window due the presence of three strong basic functional groups in its structure (one amino and two guanidinium groups) which remain protonated over a wide range of pH. It also possesses an aldehyde group which can be used as a modification point. Our preliminary experiments have shown that the aldehyde group does not react efficiently with amines to form imines, but it can react in water with stronger bases as hydrazines. In this work we report the synthesis of hydrazone derivatives of streptomycin. Some of the derivatives contain aromatic and chromophoric groups with a larger surface of contact to establish additional intermolecular interactions, which in turn can fortify the binding to anions, and we are able to report optically the molecular recognition event. In addition, the antimicrobial activity of derivatives was investigated and compared with the native streptomycin.
Streptomycin has three moieties: one N-methyl--L-glucosamine residue linked to an -L-streptose ring and a streptidine ring (Scheme 1). In aqueous solution, streptomycin is triprotonated and its aldehyde group is in equilibrium with its hydrated form. However, the equilibrium is predominantly shifted to the hydrated form. In order to obtain imines of streptomycin we tested the reaction with amines in water [7] , but even in high amine stoichiometric excess [8] , it was not possible to obtain the desired product. Then we decided to use more basic substrates such as hydrazine and substituted hydrazines, which were added to streptomycin in aqueous solution and stirred either at room temperature (D0h, D1ph) or under reflux (D2bt, D3dctf, D4ag) to give the corresponding hydrazones in yields ranging from 46% to 97%. The derivatives were characterized by IR, 1 H and 13 C NMR spectroscopy, mass spectrometry, and elemental analysis. The IR spectra showed a characteristic C=N vibration band at 1689 cm -1 [9] . The structure of the derivatives was confirmed in all cases from mass spectra (FAB + ), where the peak corresponding to the protonated form [M+H] + was observed. Elemental analytical data are in good agreement with the expected formula for the derivatives. These data have shown the presence of counter anions and hydration water molecules in their composition. The observed 1 H and 13 C NMR spectra are consistent with data reported for streptromycin by Barba and coworkers [10] . 1 H NMR signals for derivatives of streptidine and the N-methyl-glucosamine rings do not suffer a significant chemical shift when compared with parent streptomycin. However, the signal for hydrated aldehyde (5.11 ppm), which is partially overlapped with the D 2 O-HDO signal, disappeared and a new signal that corresponds with the C-H hydrazine proton signal was clearly observed in the range from 7.33 to 7.61 ppm, except in the case of the D1ph derivative in which this signal is overlapped with the aromatic signals. Hydrazone formation was confirmed by 13 C NMR, where the signal corresponding to the carbonyl group (89.8 ppm) disappeared and a new signal corresponding to the hydrazone C-H appeaed in the 138 ppm -148 ppm range, while the signals for the rest of the molecule do not suffer any significant changes compared with the parent streptomycin. Table 1 shows selected analytical data of the prepared derivatives.
In the UV/Vis spectra of streptomycin and its derivatives recorded in aqueous solution at pH 7, streptomycin lacks absorption bands in the studied spectral range, as also do D0h and D4ag derivatives, which do not have aromatic chromophores in their structure. However, the D1ph, D2bt and D3dctf derivatives, with chromophoric moieties such as phenyl, benzothiazol and a substituted phenyl group, respectively, showed absorption bands which could be used to follow the complex formation. Table 2 presents the absorption maxima and the extinction coefficients (). Table 3 summarizes the protonation constants measured for streptomycin and its derivatives by different methodologies. Streptomycin has two pK a s; one of them corresponds to the guanidine groups (pK a = 13.5 [12] ) that was not measured in this work, and the amine group of the N-methyl-glucosamine moiety (C-NH-CH 3 ) detected by potentiometry. The observed pK a values for the derivatives were in the range 7.40 to 7.80. These slight differences between the derivatives of streptomycin suggest that the substituents have a minimum electronic effect over the N-methylglucosamine moiety.
The ability of D1ph, D2bt and D3dctf to bind different types of anion was explored by UV/Vis spectroscopy, potentiometry and 1 H NMR. The incorporation of chromophoric groups to streptomycin, as in D1ph, D2bt and D3dctf derivatives, permitted the study of their binding processes by UV/Vis spectroscopy. Although the anion binding causes hyper-and hypo-chromic effects in the absorption bands of the derivatives, the changes in absorbance were not enough to let us evaluate the binding constant with certainty.
The equilibrium constants between D1ph and D2bt with different types of guests were obtained by potentiometric titration of an aqueous mixture of derivative (0.002 M) and guest (0.002 M to 0.008 M) in the presence of 0.1 M NaCl as a background [11] . b For streptomycin sulfate [12] . c Errors lower than 0.08 d Not possible to detect. electrolyte. As an example, Figure 1a presents the titration curve of a mixture of D1ph and ADP. A buffer zone, corresponding to two protons, is observed in the 5-9.5 pH range. A second buffer zone is observed partially at pH < 5. The experimental data were fitted with a model that includes the overall protonation constants of interacting species and the postulated complexes ( Table 4 ). The calculated curve is in good agreement with the experimental data ( = 0.41). In the same figure, we present a calculated titration curve produced with a model that does not include the presence of complexes. This calculated curve deviates significantly from the experimental data. Therefore, the detected complexes are not artifacts produced during the refinement process employed in Hyperquad. Figure 1b presents the titration curves corresponding to the D1ph and D1ph-nucleotides mixtures. The fitting of the titration curve gave the overall stability constants defined by Equation (1), which correspond to reaction (2) (charges omitted):
In these equations, L and A stand for completely unprotonated forms of the host and the anion, respectively. It is important to point out that analysis of the potentiometric curves of the streptomycin derivative-anion mixture provide only the stability constants and the stoichiometry of the complexation process and do not provide the location of the protons in the complex species. However, there is spectroscopic evidence that anion complexation does not change the protonation pattern of the molecules involved in the complex [13] . Accordingly, the location of the protons in the complexes was assumed to be regulated by the basicity of the interacting species.
The stepwise association constants K ij correspond to complex formation between individual ionic forms of receptor (LH i ) and
anion (AH j ), where i + j = n can be calculated from  11n values and the known protonation constants of both reactants [6] . Tables 4 and 5 show the measured stability constants for D1ph and D2bt, respectively. For both derivatives, the stoichiometry of the complex is 1:1 independently of the protonation degree. From these data, it is evident that the derivatives interact preferentially with the nucleotides rather than with aliphatic dicarboxylates.
From the stepwise constants it is difficult to establish the selectivity order due to several-overlapped protonation equilibria present in the solution. A better alternative is the use of the classical conditional effective stability constants [14] , defined, at a certain pH value, according to Equation 3 :
where ∑[H i A] is the summation of the concentrations of the free substrate of all species present in solution at a certain pH value, ∑[H j L] is the summation of the concentration of all species of free receptor at a certain pH value, and ∑[H i+j AL] is the summation of the concentration of all species of the adduct at a certain pH value. The conditional constants were calculated with HySS 2009 free software [15] . Figure 2 shows the logarithms of the effective constant as a function of pH for D1ph and D2bt complexes. As can be observed from this Figure 
where  H is the chemical shift of a given proton as a free derivative,   is the chemical shift of the proton as a complexed derivative at saturation, [G] T is the total concentration of guest and K is the binding constant [16] . Figure 3 shows some typical titration plots.
This methodology allowed the calculation of the binding constants for the complex of D1ph and D2bt with adenine nucleotides at pH 7 (Table 6) , which confirmed the selectivity order found by potentiometry, i.e., D1ph prefers AMP and D2bt prefers ATP, whereas for D1ph with NADPA, malonate, glutarate and succinate, no interactions were detected.
The magnitude of the binding constant depends on the experimental method used to measure it. This fact was first addressed by Mwakibete et al. [17] and recently discussed by Valente and Söderman [18] , Brocos et al. [19] , Inoue [20] , and Schneider and Yatsimirsky [16] . Mwakibete et al. [17] classified the experimental techniques into two groups: a) the first relies on direct measurements of the free and bound ligand in solution containing a known amount of macromolecule (e.g. potentiometry), and b) the second approach takes advantage of the existence of any physically observable properties that are proportional in some way to the extent of binding (e.g. 1 H NMR spectroscopy). Such lack of consistency is extended to other thermodynamic properties like the enthalpy of formation and the complex stoichiometry [19] . Table 7 shows the complexation-induced 1 H NMR chemical shifts (CIS) of the D1ph protons in the complexes with the different guests studied. Nucleotide guests induce chemical shifts to high field that are typical for interactions with aromatic groups producing the shielding effect due to the -system ring current [21] . In addition, the anion induces low field shifts of the aromatic protons signals of the host, which are attributed to deshielding microscopic solvation effects [21] .
The selectivity of D2bt to ATP can be explained by a stronger electrostatic interaction. Nevertheless, this electrostatic consideration cannot explain the selectivity of D1ph to AMP. In order to gain insight into this fact, we performed quantum chemistry calculations of the D1ph-AMP complex. The CIS values were used to propose initial structures of the complexes D1ph-AMP and D1ph-ADP, which were geometry optimized at the DFT level of theory with Grimme dispersion corrected functional (B3LYP-D3) and def2-SV(p) basis set as implemented in the Terachem code [22] . Also, the vibrational spectra of the optimized structures were calculated to verify that the obtained structures are real minima. The refined structures are shown in Figure 4 . Several interactions and close contacts were detected in both structures. In the case of D1ph-AMP complex, two saline bridges are established between the guanidinium groups of the streptidine moiety and the phosphate group of the nucleotide. Additionally, there are two close contacts between the phosphate oxygen atom and the C-H groups of the streptidine ring and one close contact is established between the ether oxygen of ribose and C-H group of the hydrazone. On the other hand, D1ph-ADP established only two saline bridges between the -phosphate group and the guanidinium groups of the streptidine and one C-H… interaction between the adenosine aromatic group of the ADP and the streptose C-H groups. The interactions detected for the D1ph-AMP complex explain the stronger association constant observed for this complex. In the literature, there are many examples related to the interaction of ATP with open chain polyamines, which have high binding constants and wide selectivities [6, 23, 24] . However, in relation to ADP or AMP selectivity over ATP the examples are limited. Bianchi et al. [25] reported that a receptor derived from tren (tris(2aminoethyl)amine) has preference for ADP over ATP with a selectivity coefficient (K eff ADP,ATP ) of up to 116 at pH 3.3. However, this selectivity coefficient decreases to approximately 5 at pH 7.
CIS (ppm) Guests
Oxalate AMP ADP ATP S1* -- -- -- -0.093 S2* 0.022 -- -0.092 -0.102 S3* 0.018 -- -0.078 -0.088 S4* -- -0.152 -0.077 -- S5* 0.023 -0.177 -0.093 -0.111 S6* 0.019 -- -0.028 -- S7* -- -- -0.084 -0.112 S8* 0.021 -0.169 -0.087 -0.089 H7'' -- 0.078 0.107 0.080 H6''-S1 -- 0.101 -- -- H6''-S2 -- 0.106 -- -- H5'-S2 -- -- 0.016 -- H5'-S1 0.020 -- -0.016 -- H1'-S1 0.019 0.016 0.068 -- H1'-S2 -- 0.015 0.067 -- H1''-S1 -- 0.030 -- -- H1''-S2 -- 0.029 0.037 -- a
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The results obtained with the streptomycin derivatives, reported in this work, set up another case where the complexes formed by nucleotide anions with positively charged receptors are not in agreement with Coulomb´s law. For example, at pH 7, the selectivity of D1ph for AMP is 2 times (i.e., K eff D1ph-AMP/K eff D1ph-ATP) and 51 times comparing with ADP; these selectivities are maintained in almost all the studied pH ranges. Streptomycin derivatives have different selectivity depending on the nature of the hydrazone substituent attached to the antibiotic.
Comparing the effective constants of ATP complexes with some aminoglycosides and the derivatives prepared herein ( Figure 5 ), it is possible to establish that at pH 7 the order of stability is D2bt > D1ph > D3dctf > amikacin > kanamycin > streptomycin, which shows that the organic moiety added to streptomycin contributes to an increase in the binding constant through additional non-covalent interactions.
We also performed in vitro susceptibility testing of five streptomycin derivatives to determine their antibacterial activity against two Gram-positive strains: S. aureus and B. subtilis and 2 Gram-negative strains: E. coli and P. aeruginosa. These results are shown in Table 8 . Also, we report in vitro screening of streptomycin derivatives on 4 bacterial strains. The streptomycin derivatives showed MIC values in the range 16 -64 g/mL. Of all compounds tested, D0h had better activity than the other compounds on S. aureus and B. subtilis strains (MIC= 16 g/mL, respectively).
On the other hand, D0h and D1ph showed equal activity on E. coli and S. aureus (MIC= 32 g/mL), respectively. However, D1ph showed a better activity on S. aureus than on E. coli (CMI=64 g/mL). D3dctf showed the same inhibitory effect (MIC= 32 g/mL) on S. aureus, E. coli and B. subtilis. On the other hand, D2bt and D4ag (CMI > 64 g/mL, respectively) showed no activity at the concentrations used against any of the strains tested. Notably, P. aeuroginosa was not susceptible to either any of the compounds tested or the reference drug. Finally, these results showed that S. aureus and E. coli are more sensitive to streptomicyn (MIC= 8 g/mL) in comparison with their hydrazone derivatives tested.
Analyzing the results, we realize that the aldehyde group is key to the streptomycin antibiotic activity because its conversion to hydrazone results in loss of activity of different magnitude according to the size of the organic fragment, and also it is clear that the introduction of a third protonated group, as in D4ag, or substituted with a heterocyclic ring, as D2bt, results in loss of antibiotic activity against any of the tested Gram-positive or Gramnegative strains. Remarkably, the simplest chemical modification, as in D0h, offers the highest antibacterial activity of the derivatives synthesized.
In conclusion, five hydrazone derivatives of streptomycin were synthesized, two of which were investigated as receptors of anions. It was found that D1ph and D2bt have the highest affinity with AMP and ATP, respectively. According to calculated structures at the DFT level, D1ph-AMP and D1ph-ADP complexes are stabilized by the formation of multiple interactions. The organic moiety added to streptomycin contributes to an increase in the binding constant through additional non-covalent interactions. The antibiotic activity of streptomycin and derivatives prepared suggest that the aldehyde moiety is key to the biological activity of streptomycin because its use to incorporate hydrazone results in loss of activity. 
Experimental
General: All reagents were of commercial grade and were used as received.
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growth control wells (culture medium with bacterial strain only), and a blank well (culture medium only).
Susceptibility test:
All the streptomycin derivatives were screened in vitro for antibacterial activity against Gram-positive and Gramnegative strains by a broth microdilution method recommended by CLSI. Briefly, Müeller-Hinton broth was used and the bacterial inoculums were adjusted to 0.5 on the McFarland scale (10 8 CFU/mL) and a 100 L suspension of the strain was added to each test and control well; the plates were then incubated at 37°C for 48 h.
Evaluation of antibacterial activity:
After incubation, growth on the plate was checked by a spectrophotometric technique. The optical density of the resulting solution in each well was determined at 590 nm with a microplate reader (Biorad Ultramark). MIC values were determined from the optical densities of control and test wells; MIC is defined as the lowest concentration of compound capable of completely inhibiting the growth of the test bacteria. All assays were performed in duplicate.
Physical properties and selected spectroscopic data for the streptomycin derivatives synthesized are shown in Tables 1 and 2 .
D0h: Streptomycin sulfate (0.5 g, 0.34 mmol) was added to 5 mL of deionized water, and the mixture stirred at room temperature for 5 min to dissolve most of the solid. Three equivalents of hydrazine (93 µL, 1.02 mmol) were then added. The reaction proceeded for 4 h, after which the solvent was removed in vacuum to obtain oil. Addition of methanol resulted in precipitation of a yellow-colored solid, which was filtered. D4ag: Streptomycin sulfate (0.5 g, 0.34 mmol) was added to 10 mL of deionized water, and the mixture stirred at room temperature for 5 min to dissolve most of the solid. Three and a half equivalents of guanylhydrazine hydrogencarbonate (0.163 g, 1.2 mmol) was then added, and the mixture stirred under reflux. The reaction proceeded for 2 h, after which time the solvent was removed in vacuum to ). 13 C NMR (D 2 O, 100 MHz) δ: 11.30 (C 5' ), 31.57 (C 7'' ), 58.42 (C 3 ), 58.93 (C 1 ), 60.27 (C 6'' ), 61.00 (C 2'' ), 69.31 (C 4'' ), 69.61 (C 3'' ), 70.89 (C 2 ), 71.62 (C 6 ), 72.71 (C 5'' ), 73.31 (C 5 ), 77.26 (C 4' ), 79.50 (C 4 ), 81.23 (C 3' ), 83.51 (C 2' ), 92.28 (C 1'' ), 106.14 (C 1' ), 147.98 (C 6' ), 157.66 (C 8 ), 158.33 (C 7 ), signal from R group 156.08.
